This study was designed to evaluate the degree of environmental contamination and possible exposure of pregnant women to toxic elements in seven selected areas of São Paulo State, Brazil. The overall median concentration of Mo in maternal blood was 0.53 mg L
Introduction
Human exposures to toxic metals present in the living environment are receiving increased attention, raising public awareness that questions the sources and possible health effects of such exposures.
Exposures to toxic metals such as lead, cadmium, mercury and arsenic are the most threatening to human health.
1,2 Although adverse health effects of these metals are well understood, exposures are continuing and even increasing in some parts of the world, especially in less developed countries. Due to stringent control measures, recent data indicate that emissions of these metals have declined in most of the developed countries, but due to their chemical stability, these elements can persist in the environment for many years, even after cessation of the main sources of contamination. As exposures to metals are cumulative over the human lifetime, exposures to toxic elements are of concern to all age groups, but particularly to susceptible populations. These include pregnant women and neonates, children, the elderly, and individuals in poor health, those who are malnourished and socioeconomically disadvantaged. The most critical risk to health occurs from exposure in the early stages of life (prenatal and in utero), followed by adolescence and adulthood.
A number of ongoing studies have evaluated and characterised exposure levels and associated health outcomes in populations residing in different geographical regions. For example, lead has become a permanent source of environmental exposure for humans, and a number of current studies are assessing lead status in children. 3, 4 Lead and other persistent toxic metals can severely affect young children residing in the contaminated areas because of children's natural tendency of hand-to-mouth activity, their high rates of inhalation, ingestion and gastrointestinal absorption for their size, as well as their increased susceptibility to the health effects of toxic exposures. 5 In children, lead blood levels of below 10 mg/dL have been considered acceptable to date; interventions are applied only when levels exceed this value. However, recent data indicate that there is no safe level of lead in blood and evidence is emerging that some genetic and environmental factors may render certain children more vulnerable to lead toxicity.
1,3,6
Another concern is the ability of some toxic metals to disperse from the contamination sources and travel long distances across the globe. A good example is mercury, which can change into more toxic chemical forms and biomagnify in the food chain. Studies performed in Canada found elevated levels of methyl mercury not only in indigenous Dene and Inuit populations, but also in the general population residing in other areas of Canada.
7
Apart from contaminating the food chain, elevated levels of metals have been detected in human fluids such as breast milk, in populations residing in different areas within the polar region, far removed from the actual sources of contamination.
8,9
Numerous investigations are ongoing in the northern hemisphere but to date very little is known about metal contamination in the southern hemisphere.
Recent literature reviews of the studies performed in Brazil show that lead, mercury and cadmium have been studied mostly as related to exposures during formal and informal occupational activities. Although mining of lead ceased in Brazil in 1995 and leaded gasoline was phased out in the 1980s (its use is now completely discontinued), environmental lead contamination is still of concern for public health.
10
A number of environmental assessments have detected the presence of toxic metals in the region of Ribeira River and its contributory rivers in São Paulo State.
11 There is also evidence of elevated blood lead levels in children residing in previous lead mining areas of Brazil. In 2002, a study by Paoliello et al. assessed the levels of blood lead in 295 children aged 7-14 years, residing in the Upper Ribeira de Iguape River Valley in São Paulo State (an area where mining and refining of lead was discontinued), and found that 59% of children had blood lead levels equal to or above 10 mg dL À1 , with 12.8% of children having blood lead levels above 20 mg dL À1 . A similar study was performed on 624 children aged 0-12 years, residing about 1000 m from an active secondary smelting lead recycling plant in the Municipality of Bauru, also situated in the State of São Paulo. The mean blood lead levels in this group were found to be 9.28 mg dL
À1
, with 36% of children exceeding the USA lead action levels of 10 mg dL
. 12 Furthermore, in Santo Amaro da Purificaçao in the State of Bahia, Brazilian researchers also detected high levels of lead and cadmium. Associated toxic effects of exposure to these heavy metals were found in children and adults living in close proximity to a primary lead refinery. [13] [14] [15] These findings are similar to those published in international studies.
16
The upper limit reference value for blood lead levels in occupationally exposed workers was introduced in Brazil in 2002; however, no reference values exist for the general population.
15
Another metal of concern worldwide is mercury, which is listed among the most toxic substances in industrialized countries. One third of mercury emissions originate from natural sources and the other two thirds from anthropogenic activities. As in other countries with rich gold deposits, artisanal and small-scale gold mining activities using mercury, combined with rudimentary technology, are widespread in the Brazilian Amazon Riverine, impacting not only the ecology but also the health of miners, their families and other inhabitants of the communities. It is reported that young children of fish-eating populations of the Amazon Basin are exposed to maternal methyl mercury (MeHg) during pregnancy via placental transfer, and via breast milk after birth. [17] [18] [19] [20] In this context, the increase in the risk of neurodevelopmental disorders (NDD) has been strongly suggested to be associated with MeHg present in fish from the Amazonian rivers. The vulnerability of the developing human brain in utero remains the most important window for the harmful effects of mercury compounds.
21
It is thought that in some areas of Brazil dietary intake of fish and seafood products is the main source of MeHg exposure in the general population. This form of mercury is easily absorbed by the gastrointestinal tract and distributed throughout the body within 3-4 days. It is estimated that 5% of dietary MeHg is found in the blood and 10% in the brain, with the half-life ranging between 45 and 70 days.
22
In Brazil and elsewhere, young children can also be iatrogenically exposed to other forms of organic Hg, such as ethyl mercury (EtHg), when immunized with thimerosal-containing vaccines.
23
These and other similar studies suggest the existence of environmental metal contamination in various parts of Brazil; it is expected that the intensity of the metal contamination will differ between locations within Brazil, as it is such a vast country in size.
To define possible toxic impacts of pollutants in different stages of human development, many recent studies have been performed on women in different stages of pregnancy and at delivery. The embryonic and foetal developmental stages are the most vulnerable for the detrimental health effects of contaminants. Measuring the concentrations of metals and elements in maternal blood during pregnancy gives a good indication of the intra-uterine levels, as well as an indication of the potential risk to the developing foetus and young child. Of particular concern are long-term, subtle effects that may influence reproductive health and pregnancy outcomes, thus reducing defence against diseases and affecting children's mental development, or increasing the risk of cancer. 22, 24, 25 This study was designed to evaluate the degree of environmental contamination and possible exposure of pregnant women to toxic substances in the selected areas of São Paulo State, Brazil, so as to inform reproductive, paediatric, public and environmental health practices.
This survey was carried out under the auspices of Arctic Monitoring and Assessment Programme (AMAP), by the São Paulo State University (UNESP) and the University of Tromsø, Norway during 2006-2009. Although both metals and organic persistent pollutants were measured, this paper reports on the levels of molybdenum (Mo), cadmium (Cd), mercury (Hg), lead (Pb), manganese (Mn), cobalt (Co), copper (Cu), zinc (Zn), arsenic (As) and selenium (Se) found in the maternal whole blood of randomly selected delivering women in seven regions of São Paulo State, Brazil. Additional or confounding factors related to the socioeconomic, health status from hospital records, life style and birth outcomes of participants are also discussed. The results for the organic persistent pollutants measured in maternal whole blood will be reported separately. The subjects of this study were in total 155 delivering women from seven selected sites. Enrolment criteria for this project included women who were admitted to the delivery rooms at seven maternity hospitals during 2007 and 2008 and had resided in the specific study site for at least 1 year prior to the pregnancy. Women who volunteered to participate in the study signed an informed consent form and agreed to donate blood, answer a socio-economic questionnaire and allow access to their health and post-delivery records. Standardized data collection forms, used in prior studies, were adapted for the Brazilian population, translated and pre-tested before commencement of the survey.
Materials and methods

Study sites and population
26
Participation in the study was voluntary, confidentiality was assured and participants were informed that they could withdraw from the study at any time.
Data collection
The data and blood collection from the volunteers was conducted in the selected maternity hospitals. Demographic data, life style, diet, proximity of any source of environmental contamination, occupational activity, smoking habits, alcohol consumption, and leisure activities were obtained from each participant and health status data were obtained from the existing hospital files of each participant. Newborns were clinically examined with special attention to vitality, perinatal reflexes, maturity, and congenital malformations; weight, length, head circumference, and Apgar scores, and these data were recorded.
Sampling procedures
For the analysis, maternal blood was collected within one day post-partum. From each mother, approximately 10 ml of blood was drawn by venous puncture into Vacutainer tubes (trace metal free, heparinized tubes) using the sterile Vacutainer disposable system. Umbilical cord blood was collected at delivery only from the participants from Botucatu rural site. These were stored at À4 C until all samples were shipped in a frozen state to the University of Tromsø, in Norway, for analysis. Measurements of metal content in whole blood were performed by the National Institute for Occupational Health (NIOH), Oslo, Norway.
Analytical methods
Samples of maternal and cord whole blood were analysed for levels of Mo, Cd, Hg, Pb, Mn, Co, Cu, Zn, As, and Se. Elements such as Mn, Cu, Zn, Mo and Se are considered as essential trace elements, but are known to be toxic at elevated levels and detrimental to health if deficient. Chemical analyses were performed using the inductively coupled plasma-mass spectrometry (ICP-MS) technique. The required contamination elimination procedures and validation of results (the use of certified standards) were applied throughout the analyses.
Sample preparation
For the measurements of elements in whole blood, 1.5 mL of 65% ultrapure nitric acid (Chemscan Ltd., Elverum, Norway) was added to 1 mL of whole blood in a polypropylene digestion tube. The mixture was digested by heating the tube at 95 C for 1 h. The acid homogenization procedure using nitric acid was performed in covered tubes at ambient pressure, and is a well accepted and verified procedure for whole blood, with no losses of e.g. Se or Hg. These procedures have been carefully studied and are used extensively at NIOH, as well as by many other international laboratories.
The digest was cooled to room temperature and 200 mL of an internal standard solution containing Zn was added and diluted to a final volume of 10 mL with ultrapure water.
Instrumental measurements
The digested blood was analysed by using an Element 2 mass spectrometer (Thermo Electron, Bremen, Germany) calibrated with the whole blood matched standard solutions. The instrument was programmed to determine Cd by use of the + was not considered to contribute to the overall signal. The following mass resolutions were used; low for Cd, Hg, Pb; medium for Mn, Cu, Zn; and high for As and Se. The detection limits (three times the standard deviation of all blank samples) for metals in whole blood were as follows:
One aliquot of each blood sample was analysed in triplicate. SeronormÔ Trace Elements (Sero Ltd., Billingstad, Norway) human whole blood quality control materials were used for quality assurance of all element measurements; after every ten blood samples analysed, a quality control sample at two different concentration levels was also analysed.
The NIOH laboratory in Oslo, Norway participates in the Wadsworth Center-New York State Department of Health Proficiency (USA) trace element testing schemes for whole blood and urine, with consistently acceptable results and no indication of any systematic biases.
Statistical analysis
Statistical analyses were conducted using the statistical STATA package, version 10. 27 The quantitative variables (median, range, first and third quartiles) are presented. In cases where concentrations of metals were equal to or below the level of detection (LOD) of the instrument, the concentrations were set at 0.5Â LOD, for statistical purposes. Comparisons between sites were performed using Kruskal-Wallis and Dunn tests for multiple comparisons. The significance p value was set at 0.05. Correlation between the quantitative variables was evaluated by means of Spearman's correlation.
The Spearman's correlation coefficient model was used to evaluate the levels of selected elements between paired maternal and cord whole blood samples.
Ethical considerations
The present study was approved by the Brazilian National Research Ethical Council (CONEP-Brazil; protocol number 12388). The study subjects were women admitted for delivery at institutional hospitals in each of the seven study sites. Potential participants received plain-language information about the study and those who agreed to participate signed a written consent form, which stated that participation was voluntary, confidentiality was assured and participants could withdraw from the study at any time. Subjects were also informed that if results were cause for concern, they would be referred to an appropriate medical facility for further investigation. Ninety eight percent of potential study participants approached agreed to participate.
Results
Collection of blood from a total of 155 delivering women took place during 2007 and 2008, and the analytical measurements were completed at the end of 2009. In the results tables, study sites are referred to according to their characteristics, and presented in a particular order: Rural 1 (Botucatu); Rural 2 (Ribeirão Preto); São Paulo metropolis is divided into: Urban 1 (UNIFESP), Urban 2 (Vila Nova Cachoeirinha), Urban 3 (HMMLMB); Industrial (Campinas) and Coastal (Santos).
Socio-economic, demographic and lifestyle characteristics
Socio-economic, demographic and lifestyle characteristics of participants at each study site are summarised in Table 1 . The subsets did not differ from the overall cohort in terms of demographic variables. The majority of participants were married or lived with their partners, owned their own homes (median 3 rooms/house) and reported a median monthly income of about US$ 480. The majority of subjects classified themselves as being from the Caucasian race. Less than half of the women were employed. The majority (90%) of the participants reported themselves to be in a good state of health; the study subjects who reported being most satisfied with their living environment were from the industrial site. About 48% of participants reported that at least one person smoked at home.
Maternal age, weight, height, parity and neonatal outcomes by site Table 2 shows maternal age, weight, height, parity and neonatal outcomes by site. The mean maternal age of all delivering women was 26 years; the youngest was 14 years old and the oldest was 43 years old. The parity ranged from 1 to 9 with a median of 2. Overall, 35.6% of deliveries were by Caesarean section. The mean maternal weight on the last prenatal care visit was 74.5 kg, varying from 45 kg to 114 kg, and the mean maternal height was 1.60 m, ranging from 1.45 m to 1.73 m.
Overall birth weight for newborns ranged between 995 g and 4460 g, and length from 29 cm to 58 cm. The mean gestational age at delivery was 38.2 weeks, varying from 28 to 42 weeks. Deliveries at all sites took place in tertiary hospitals with the majority of patients presenting with high risk pregnancies. Therefore, the low birth weight and prematurity can be assumed to be related to different pathologies during pregnancy. Gender ratio differed between sites, ranging from 31.5 to 71% frequency for girls. There were differences between sites, however, the overall frequency showed no statistical differences due to small sample size.
Maternal blood levels of Mo, Cd, Hg, Pb, Mn, Co, Cu, Zn, As and Se
Concentrations of the different elements in the maternal blood, by site, are summarised in Table 3 . The median concentration of Mo differed between sites with the Urban 1 and Urban 2 sites having the highest concentration (0.75 mg L À1 ) and the Rural 2 site the lowest level (0.39 mg L À1 ); with differences being highly significant between sites (p < 0.0001). The median concentration of Cd in maternal blood was found to be low overall, ranging between 0.01 and 0.58 mg L
À1
, with mothers from Industrial site having the lowest Cd levels, and mothers from Coastal and Rural 1 sites having the highest levels (median 0.1mg L À1 ) with differences reaching statistical significance of p < 0.016 between sites.
The overall median blood Hg concentrations were found to be 0.60 mg L À1 (range 0. Concentrations of maternal Co were found to range between 0.06 mg L À1 and 1.1 mg L À1 overall (median 0.25 mg L À1 ), with no significant differences between study sites. The median As levels were found to be 0.60 mg L À1 overall with no statistical significance between sites.
The essential metal Cu levels in maternal whole blood were found to be highest in Rural 2 and Urban 2 (1800 mg L
) and reaching statistical significance of p < 0.038 overall. The overall median concentration of Zn was found to be 6420 mg L
, ranging between 2850 mg L À1 and 10100 mg L À1 with the highest median levels of Zn (7165 mg L À1 ) measured in Rural 1 site; highly significant differences between sites were observed (p < 0.0001). Overall, median Se concentrations were found to be 64 mg L
, ranging between 36 mg L À1 and 233 mg L
, with highest median levels found in the Urban 3 site (73 mg L À1 ) which was highly significantly raised if compared with all other sites (p < 0.0001).
Umbilical cord blood levels of Cd, Hg, Pb, Mn, Co, Cu, Zn, As, Se and Mo in Rural 1 site (Botucatu)
The paired maternal and umbilical cord blood concentration, only for Rural 1 site, are summarised in Table 4 . All elements measured were detected in umbilical cord blood. Median cord blood levels of Cd were found to be low (0.01 mg L À1 ), ranging between 0.01 mg L À1 and 0.1 mg L
. The median levels of Hg in cord blood were found to reach 1.07 mg L
, ranging between 0.44 mg L À1 and 8.26 mg L À1 . The median levels of Pb were 12.9 mg
. Levels of Mn in cord blood ranged from 22.5 mg L À1 to 66.1 mg L À1 with a median value of 36.6 mg L
. Median levels of Co, Mo and Se were very similar to the paired maternal concentrations of these elements. Median As levels were found to be 0.97 mg L À1 (range 0.44 mg L À1 -4.5 mg ). Cord blood copper and zinc median levels were found to be 705 mg L À1 and 2600 mg L À1 , respectively.
Correlation between maternal and cord blood samples
The results of Spearman's correlation coefficient, used to assess the correlation for each element between paired maternal and cord blood, show that there was a significant correlation for Hg, Pb, Mn and Co (summarized in Table 5 ). The r-square value for the correlation coefficients indicates the percentage of the relation between maternal and cord blood (e.g. Hg -in 65.6% of cases cord blood levels increased when maternal blood levels increased).
Discussion
It is understood that human exposure to toxicants, starting at pre-conception and during the prenatal stage, has implications for pregnancy outcome as well as for children's health, morbidity and mortality occurring later in their life. 28 This study quantified the levels of toxic and essential elements in 155 delivering women residing in seven selected sites of São Paulo State in Brazil.
Overall, the study found very low concentrations of toxic metals in whole blood of delivering women in all sites, but site differences were evident. These findings could indicate either low environmental contamination in São Paulo State in Brazil, and/ or a lack of direct contact between pregnant women and pollutants, possibly due to the general public awareness implemented by public health practitioners.
People may be exposed to potentially harmful chemical, physical and biological agents in air, food, water and/or soil. However, exposure does not result only from the presence of a harmful agent in the environment; the key concepts in the definition of exposure are contact and route of exposure. 29 The cord blood levels indicate the foetal exposure to different metals during the neonatal stage. These values are dependent on the permeability of the placental membrane to specific metals. The placental membrane is the contact surface separating maternal levels of toxic elements from foetal exposure. Our results show that in the case of two toxic heavy metals (viz. Pb and Hg) there is a positive correlation between the maternal and foetal environments.
The results indicated significant statistical differences in maternal blood levels in different sites for Cd, Mn, Cu, Zn, Se and Mo. We confirmed a limited transfer (10%) of Cd from mother to foetus, which is in agreement with other studies 30, 31 but found no correlation between levels of maternal Cd and smoking. However, this natural placenta protection for Cd transfer is applicable only in the foetus and the newborn stages. As the main Cd exposure sources in children are food, environmental tobacco smoke and house dust, Cd will be stored in the liver and kidney and exert its chronic toxicity mainly to renal and neurological systems over a period of time. 32 In addition, increased absorption of Cd can also occur in conjunction with low iron stores in pregnant women, suggesting a common mechanism of uptake for both metals.
33-35
In our study, Hg was detected in 100% of blood samples. Overall concentrations were found to be lower than those reported recently from South Africa where median Hg concentration in blood of women residing along the Atlantic Ocean and Indian Ocean was found to be 1.78 mg L À1 and 0.93 mg L À1 , respectively. 36 Nevertheless, an enhanced permeability of the placenta for Hg was also detected, and the Hg ratio of cord blood to maternal blood (measured only in Rural 1 site in the present study) was 1.79, which is similar to the ratios reported by other investigators. 31, 37 Although the majority of studies associate elevated concentrations of Hg with the high consumption of contaminated fish, in this study no confounding effect was found. These findings are similar to those of the recent South African study. 36 In both Brazil and South Africa, a very low consumption of fish was reported in the study populations, suggesting a different source of Hg exposure. c Statistically significant differences (p < 0.001). Maternal and cord blood levels of Pb were found to be similar -and low -but research suggests that there is no safe level of Pb, with endogenous exposure occurring mostly during the critical and sensitive stages of organ development in the foetus, the nursing infant and the young child.
Levels of the essential metals Cu and Zn were found to be within normal ranges, but Se levels were low. 38, 39 This finding is in agreement with another Brazilian study by Pinheiro et al., who found lower Se levels in pregnant women, when compared to non-pregnant women in the Amazonian population. 18 This outcome may indicate a low dietary intake of Se in the study group, as well as high Se consumption by the foetus during pregnancy. This absorption of Se is thought to be one of the protective mechanisms against the cytotoxic effects of Hg.
Concentrations of maternal blood Mn were found to be close to the upper accepted normal levels of 14 mg L
À1
. 40 Mn is an essential trace element, with both deficiency and excess being toxic. In agreement with other studies, the Mn levels observed in cord blood were found to be higher than the respective maternal concentrations. This is thought to be due to the natural compromising process mechanism observed for the elimination of Mn by the foetus. 41 In this study, maternal age was also found to be a confounding factor for Mn levels, with older women having higher levels.
A review of the scientific literature has shown an established association between toxic metal exposures and adverse pregnancy outcomes, but the full impact of exposure to low levels of metals during pregnancy is still not fully understood and further investigations are required. 42 In addition, there is limited knowledge about the synergistic effects of simultaneous exposures to multiple toxicants. Similarly, an investigation into the potential interactions between exposures to pesticides and to metals is indicated, to further elucidate mechanisms of action.
To the best of our knowledge, this pilot study is the first performed in Brazil that measured a broad spectrum of pollutants in delivering mothers residing in different locations within São Paulo State.
The data obtained will constitute baseline information for similar studies to be conducted in other geographical regions within Brazil, as well as in other regions in the southern hemisphere.
It is also important to point out that this study involved a multidisciplinary team of research scientists and created the ideal platform for building research capacity in Brazil and elsewhere, and it is anticipated to lead to future collaborative research opportunities.
